This paper estimates the robustness of non-volatile device (NVM) Gadolinium (Gd) doped Hafnium oxide (HfO 2 ) nanoparticles (NPs) based memristor which was constructed using as-formed and annealed nanoparticles in 600 • C and 800 • C temperature, based on their performance in various basic image processing applications (i.e. edge detection filter and noise-canceling filter). A catalytic free glancing angle deposition technique (GLAD) is employed to grow Gd doped HfO 2 nanoparticles (NPs) of 8 nm range on the thin film of Silicon oxide SiOx in 30 nm dimension. Annealing process is performed on Gd-doped HfO 2 NPs and and the changes were demonstrated in its surface morphology. The elemental composition of the device was analyzed by Energy Dispersive X-ray (EDX). Photoluminescence (PL) analysis revealed that the topography and electrical characteristics of Gd-doped HfO 2 alter swiftly after annealing process. A leakage current, interface state density (Dit) factor emphasizes that the device annealed at 600 • C portrayed significant improvement in the non-volatile characteristics in comparison with other devices. Additionally, the endurance of the device annealed at 600 • C was seen to possess more than decades of memory potential. The C-V and hysteresis curve measurement demonstrated maximal charge accumulation relative to other devices. Crossbar array is designed from both as-formed and annealed memristor devices.
I. INTRODUCTION
Recently, Memory Processing System (MPU) and Graphics Processing Technology (GPU) have being receiving substantial consideration for human retina diagnosis, some of the edge detection techniques followed include Laplace, Canny, Sobel and so on [1] . An MPU involves non-volatile devices (NVM) which plays a significant role in the artificial retina and brain computing applications [1] - [3] . Attractive charecterstics such as high density, better flexibility, low power consumption, and huge stability makes nonvolatile memory (NVM) prolific and prominent for resistive The associate editor coordinating the review of this manuscript and approving it for publication was Mostafa Rahimi Azghadi . random-access memory (RRAM) devices [3] - [6] and memristor devices [7] , [1] . The RRAM and memristor devices have inherent memory so that they can easily retain information and make prolific for parallel computing paradigms [8] .
In 1962, Hickmott [9] reported the resistive switching phenomena in materials such as SiOx, Al 2 O 3 , Ta 2 O 5 , ZrO 2 and TiO 2 materials. Various transition metal oxides were also explored for better resistive switching performance [10] . Hafnia is recently reported high performance non-volatile device and complementary metal-oxide-semiconductor (CMOS) devices which displayed characteristics such as high stability, wide band gap, excellent electrical properties, high dielectric permittivity (vary from ε = 15 to 27) [11] , prolific endurance and good performance [12] . Various other researchers have reported such development of similar devices, for instance Rodriguez-Fernandez et al. [13] , investigated TiN/Ti/HfO 2 /TiN devices, Cabout et al. [14] have shown performance of HfO 2 with Pt, Ti and TiN electrode for resistive switching and Jiang et al. [15] , have shown memristor performance in Ta/HfO 2 /Pt combination. However, unacceptable leakage current, viability and scalability issues are bottlenecks in this area of research but few groups have worked efficiently to reduce the memory leakage issues by Gaussian filter [16] . In this draft, we have proposed an alternate system to counter this challenge. Moreover, various efforts are presented with metal nanocrystals such as Ni [17] , Ir [18] , Pt [19] and Au [20] with HfO2 films which improved the retention characteristics. Currently, Lu [21] , Al [22] , Zr [23] etc., dopants have been incorporated with HfO 2 but the formation of oxygen-related defect states, better switching and controlling dopant concentration for better NVM devices are still challenging. Therefore, Gadolinium (Gd) doped HfO 2 nanoparticles are fabricated by using a physical vapour deposition process to mitigate this issue and increase oxygen defect-related traps and provide better endurance in the device [24] . Apart from the above said investigations, crossbar memory has noteworthy advantages in parallel computing i.e., better storage, fast processing, etc., and those advantages could be useful for image processing applications [1] . Various types of fabrication processes are incorporated to grow HfO 2 films such as atomic layer deposition process [25] , Sol-gel process [26] and RF magnetron sputtering [27] . Herein, Sobel filter is designed using 3 × 3 non-volatile memory-based crossbar, which is applied on images to find out the effectiveness and robustness for solving the complexity of neuro-artificial computing [1] , [28] . The optimal charge storage in Gd based HfO 2 nanoparticles NVM devices is also presented. The catalytic free, controlled porosity and stable glancing angle deposition technique to make Gd doped HfO 2 nanoparticles on SiOx insulating layer. The prepared samples are annealed in different temperature and characterized by using field emission gun-scanning electron microscopes (FEG-SEM, JEOL, JSM-7600F) and element mapping by using EDX analysis. The paper is organized as follows: section 2 describes development methods of Gadolinium 
II. DEVELOPMENT AND METHOD
In this section, the development of the Gd-HfO 2 NVM device layer and horizontal Sobel Filter using proposed 3 × 3 crossbar array would be discussed. The experimental procedure of Gd-HfO 2 will be explained in detail in the following subsection. The Analog image processing using NVM device, image noise cancellation and edge detection filter will be described in the process.
A. EXPERIMENTAL PROCEDURE
The experimental process includes a glancing angle deposition technique which is a combination of oblique angle deposition (OAD) and azimuthal rotation. In this procedure, vapour flux is deposited over a substrate which is fixed in an incident angle while Silicon (Si) substrate is properly cleaned by the RCA method during inception. At the inception copper (Cu, 99.995% pure) electrode at bottom was deposited through aluminum mask on the substrate. Furthermore, a 30 nm film of Silicon oxide (SiOx) is grown over it by using perpendicular deposition method. A Gadolinium (Gd) doped-Hafnium dioxide (HfO 2 ) nanoparticles in 8 nm range is also grown over SiOx film. The Gd-HfO 2 pellets are prepared by mixing third Gd 2 O 3 (99.995% purity, MTI USA) and twothird of HfO 2 (99.995% purity, MTI USA) with polyvinyl alcohol and held in hydraulic pressed for 20 minutes. The rate of evaporation is almost ∼0.14 nm s −1 and the vacuum pressure is maintained at 5.2 × 10 −6 mbar. The thickness of the deposited film is monitored by using a digital thickness monitor. Subsequently, two samples (Gd-HfO 2 /SiOx/Cu) are separately treated by annealing process at different temperatures i.e., 600 • C and 800 • C for one hour by using tube furnace mistreatment even heating and cooling ramp of 4 • C/min. Finally, a top electrode of silver (Ag, 99.995% pure) is grown by using an aluminum mask through perpendicular deposition. The Figure 1 shows a typical schematic representation of Transmission Electron Microscopy (TEM) image of grown nanoparticles, endurance and image of Gadolinium (Gd) doped Hafnium oxide (HfO 2 ) nanoparticles/SiOx Thin film/ Cu/ Si substrate and the effect after annealing at 600 • C and 800 • C. The samples are characterized by using scanning electron microscopy (SEM) where the gun vacuum is kept on 2.17e-009 mbar and analysis of Photoluminescence (PL) is examined. The electrical measurements are also performed by using Semiconductor parameter analyzer. The edge detecting Sobel filter using a crossbar pattern is implemented to check the robustness of the grown non-volatile devices. In the process we have clearly explained the experimental results one after the other. Additionally we have explained the application part supporting the established result from the analysis part.
III. RESULT AND DISCUSSION

A. ANALYSIS BASED ON EXPERIMENTAL PROCEDURES 1) ANALYSIS BASED ON STRUCTURE
A FEG-SEM image of respective (as-deposited, 600 • C and 800 • C) devices are illustrated in Figure 2 (a). It can be observed that the particles size is seen to have increased from 7.04 nm (Gd-HfO 2 as-deposited) to 20.90 (annealed at 600 • C) and furthermore annealing at 800 • C reduced the particle size of nano grains to 12.84 nm. Previous reports have reported the effect of increasing grain size by executing the thermal annealing process [29] but in this case grain size gets reduced at 800 • C, this mainly occurs due to mismatch in the coordination number of Hf and Si, and that actually produce larger number of dangling bonds in the interdiffusion region of Gd doped HfO 2 and SiOx. Therefore, trap sites are created by using dangling bonds to trap the more charges [30] . At higher annealing, the dangling bonds gets broken resulting in decrease of size of the particles Figure 2 
2) ANALYSIS BASED ON OPTICAL ABSORPTION
The absorption of as-formed and annealed samples was recorded by spectrophotometer ( Figure 3 (a) ). It is depicted that enhanced absorption of ∼1.2 times is received for 600 • C Gd-HfO 2 NPs/SiOx TF annealed sample as compared to its as-formed. Furthermore, an increment in annealing temperature (800 • C), contributes decrement in absorption by almost one-fold. At higher temperature i.e. 800 • C, the blocking layer is formed i.e. Gadolinium silicate, which actually reduces the generation of electron-hole pair in the system [31] . The FESEM result (Figure 3 (a)) also verifies the morphology of particle size of Gd-HfO 2 NPs/SiOx TF, it can be seen that at 800 • C particle size was reduced as compare to sample annealed at 600 • C temperature. In Figure 3 (b), Photoluminescence (PL) intensity peak is observed at 543 and 1282 nm (Spectro-fluorophotometer (RF-540) by using 325 nm line of He-Cd laser as excitation source) and 600 • C annealed sample demonstrates pronounced intensity among other devices, which also supports the FESEM results ( Figure.3 (a) ). In-fact, oxygen defect increases with rising temperature due to pulling of oxygen from HfO 2 , bringing less stress and creating sub-band gap transition which results in increase in intensity (in [32] ) authors reported similar phenomenon where increment in PL intensity of NPs layer is achieved as compared to thin film layer), but when the sample is annealed to 800 • C, the intensity decreases by some folds and it may be due to higher temperature (<600 • C) and development of dangling bonds (at 600 • C annealed) gets broken up. Therefore, it was observed that the intensity reduced in other case. Hence, Gd-HfO 2 600 • C annealed sample is prominent for making memory device.
3) ANALYSIS BASED ON NON-VOLATILE CHARACTERISTICS OF DEVICES
A variation of current density for Gd doped HfO 2 NPs/SiOx TF/Cu/Si at 600 • C and 800 • C is shown in Figure 4 (a) . It is very clear at the observation point that annealing process increases the grain size and the surface roughness through SEM analysis at 600 • C annealing process, but clear decrement is observed at 800 • C, it is found to clearly decrease due to lower decay process, which suppresses the excess carriers generated in 600 • C. A low leakage current of the order of almost ∼10 −4 A/cm 2 is obtained at 600 • C annealed device. Actually, reduced leakage current is obtained because of low trap density and better electron mobility for 600 • C device compared to 800 • C annealed device. As-formed device found increment in the trap density which results in trap assisted tunneling that increases the leakage current and decreases the non-volatile performance of the device [33] . Figure 4 (b) shows the interface level traps (Dit) with respect to E-Ev curvature of as-formed and annealed devices. The extracted interface level traps density of as-formed at 600 • C and 800 • C annealed device is in the order of ∼10 14 cm −2 eV −1 , 10 09 cm −2 eV −1 and 10 11 cm −2 eV −1 respectively. So, asformed device has higher Dit factor among all annealed devices. This may be possibly occur because the as-formed device shows large leakage current (in Figure 4 (a) ). Hence, the results suggested that lower trap density allows electrons to move fast and improves the charge storage capability at 600 • C annealed device. gate voltage swept back and forth. It is justified from the output that electrons and holes are trapped significantly through the tunneling process which shows important characteristics to make non-volatile device. The clockwise and anticlockwise sweep gives a larger memory window in the case of 600 • C annealed device, because of the larger electron trapped by annealing process. Furthermore, the endurance is measured for memory performance of as-formed and annealed devices with considering 0.5V of read voltage for resistance ( Figure 5 (b) ). NVM device presents repeated switching between low resistance state (LRS) and high resistance state (HRS). Here Gd-HfO 2 600 • C annealed devices have maintained decades of stable endurance in 120 cycles because of larger oxygen vacancies, which created strong conductive path within the device.
4) ANALYSIS BASED ON CAPACITIVE PERFORMANCE AND ENDURANCE
This shows 600 • C annealed devices have promising retention and reproducible resistive switching property for NVM device.
B. ANALYSIS BASED ON PERFORMANCE IN APPLICATION 1) ANALOG IMAGE PROCESSING USING NVM DEVICE
Analog image processing through the NVM device is gaining interest in recent days [34] - [36] . As NVM devices are in continuous output states, each NVM has numerous resistive levels. Therefore, 8-bit pixel values of a Grayscale image can be stored by mapping the various resistive states with the equivalent Grayscale value. An N × N crossbar which consist of non-volatile memory device sandwiched between two metal electrodes, vertically and horizontally, [28] , [37] was used to store the image of size N × N. Each pixel value at (x, y) [x, y <= N] will be represented by the NVM device at junction (x, y) in crossbar. The high resistive state (HRS) and the low resistive state (LRS) of the NVM device represent Grayscale pixel value 0 (dark intensity) and 255 (light intensity), respectively. All other pixel values are mapped to other resistive states between HRS and LRS. The resistive states can be achieved by applying various write voltage across the NVM devices. Arrangement of the NVM device in a 3 × 3 crossbar is shown in Figure 6 . Here m n represents the n-th NVM device, s n represents switches essential to control the flow of signal through NVM devices, r in and c in represents the input row and column, r on and represents the output row and column.
The comparison of voltage versus resistance relation for fixed time duration signal of 0.02s (as shown in Figure 6 ) for NVM as-formed and annealed devices at different temperatures, was carried out and it concludes that the resistance changed linearly from 70 K at 0V to 15 K at 10V for NVM device annealed at 600 • C ( Table 1) . While change in resistance with applied voltage for as formed NVM device and NVM device annealed at 800 • C did not follow a linear relation (Figure 7) . The difference between LRS and HRS is also higher for the NVM device annealed at 600 • C compared to as formed NVM and NVM annealed at 800 • C. From this comparison, NVM annealed at 600 • C is the most robust for different application. In this paper, kernel-based edge detection filter (i.e. Sobel filter) and noise-canceling filter (i.e. Mean filter) were designed using a crossbar of NVM to evaluate and compare the performance of as-formed as well as annealed NVM in different temperature. Simple convolution filters were implemented to compare the robustness in performance of various NVM devices as robust NVM device can be used for further complex filter structure.
2) KERNEL BASED EDGE DETECTING FILTER (SOBEL FILTER)
Sobel operator calculates the first order derivative of the function. The function is based on two independent variables. The first order derivative of the function can be calculated as a combination of partial differentiation of the function with respect to two independent variables. As Sobel filter is a sliding-window spatial convolution filter, both kernels moved all over the image to detect the pixels with sudden change in intensity. First kernel (Gx) detects the changes in horizontal direction and second kernel (Gy) detects the changes in vertical direction. By combining both the result using (1) the overall Sobel filter output was calculated. Flow chart (Figure 8 ) to calculate the Sobel filter output is shown in the below flowchart.
: IMPLEMENTATION OF SOBEL FILTER USING CROSSBAR
A crossbar of 3 × 3 size made up of NVM device (as shown in Figure 9a ), is used to represent the Sobel filter kernel. This crossbar is a little different than our previous crossbar structure shown in Figure 6 . In the crossbar structure presented in Figure 9a , m 2 and m 8 are representing two NVM devices connected in series (as shown in Figure 9b ). Two crossbars were used to detect the changes in horizontal and vertical direction. Initially, all the NVM device was placed at Roff value. The image pixel values were used to alter the resistive states of NVM devices at the junction of the crossbar. At the beginning of the calculation, the first 3 × 3 matrix from the image was passed in normal form and transpose from two crossbars. Crossbar which was written with normal form of the matrix traced the change in horizontal direction and the other one detected the change in vertical direction. Figure 10 shows the flow chart representation that calculate the outcome of the horizontal and vertical kernel of Sobel filter using crossbar.
A read signal with a current I was applied through the first and third input row. Voltage drop at first output row is given by:
The voltage drop at the second row is 0 as no read signal was applied in this row. Voltage drop at third output row is given by:
Voltage drop V1, V2, V3 was passed to the read circuit. V3 was passed through a phase shifter before it was applied in the read circuit. The overall voltage output is given by:
Two separate outputs will be obtained for the vertical and horizontal kernel and both will be logical output after passing through the comparator. A logical OR operation between the output of horizontal and vertical kernel is the overall outcome of the Sobel filtering process.
b: RESULT
The design of Sobel Filter with 3 × 3 crossbar of nonvolatile devices is explained well in the methodology section (Figure 9 (a) ). To capture or process a Grayscale image, it needs 256 levels and this level can be achieved by altering the resistance values of the crossbars. So, the device with the maximum difference in their HRS and LRS is the most suitable candidate for image acquisition. A high difference increases the decision boundary and reduce the chance of false detection. From Table 1 and Figure 7 , it can be concluded that the NVM device annealed at 600 • C will perform better than the other two options. Figure 11 shows the comparison of the outputs of the Sobel filtering process performed through software, crossbar of as formed NVM devices and annealed NVM devices. Output from 600 • C annealed crossbar shows the best correlation (0.8) with software decoded image.
3) KERNEL BASED EDGE DETECTING FILTER (SOBEL FILTER)
Noise cancellation is one of the most important parts of image pre-processing to improve the result of later processing. Averaging filter or mean filter is one of the basic filters which can be applied to eliminate noise. Mean filter replaces the pixel value in an image with the mean value of its neighboring pixels. This will eliminate the sudden change in an image by changing the pixel value which is not in accordance with its surroundings. Like Sobel filter it is also kernel-based filter. The kernel represents the shape and size of the neighborhood which is going to be considered for calculating the mean. The 3 × 3 mean filter kernel can be represented by This kernel moved all over the image to calculate mean pixel values. Flow chart to calculate the output is shown in the below flowchart 12.
a: IMPLEMENTATION OF MEAN FILTER USING CROSSBAR
A crossbar structure as shown in Figure 13 was used to represent the kernel of mean filter. This structure was similar to the crossbar structure in Figure 6 . Unlike the Sobel structure, here all the junction carries a single NVM device. Initially all the NVM device are placed at R off value. The write and read process on crossbar are similar like described in the Sobel filter process.
In the beginning, the kernel was placed at the first pixel of the image and the first pixel (row = 1, column = 1) value of the image was converted to respective write voltage and applied on NVM positioned at first junction (row = 1, column = 1) of the crossbar. Similarly, second pixel (row = 1, column = 2) and third pixel (row = 1, column = 3) values was used to change the resistance of NVM positioned at second junction (row = 1, column = 2) and third junction (row = 1, column = 3) of the crossbar. A read signal with current I was applied through in each input row. Overall crossbar with the applied read circuit is shown in Figure 13 . Figure 14 shows the flow chart representation to calculate the outcome of the mean filter process using a crossbar.
Voltage drop at row 1 (for horizontal kernel) or Column 1 (for vertical kernel) is given by: Voltage drop V1, V2, V3 was then passed to the read circuit (shown in Figure 13 ). V3 was passed through a phase shifter before it was applied in read circuit.
The overall voltage output after read circuit is given by: The output voltage was obtained at the end of read circuit used to write the changed value in pixel position.
b: RESULT
A test image infused with Gaussian noise was used as an input image to test the effectiveness of noise-canceling filter. Figure 15 compares the output of the mean filtering process performed through software, crossbar of as formed NVM devices and annealed NVM devices. A high correlation (0.93) between software decoded output and the output of crossbar constructed from NVMs annealed at 600 • C represents the best efficiency than the performance of other NVM (as-formed and 800 • C).
IV. CONCLUSION
This work concludes Gadolinium (Gd)-doped-HfO2 nanoparticles in 8nm dimensions is prepared by low cost, efficient catalytic free GLAD technique. The effect of open-air thermal annealing is investigated among the devices. FESEM images depicted the growth of particles from the range of 7.04 nm to 20.90 nm. The grown nanoparticles over thin film with 600 • C as optimal annealing process could improve the surface roughness and charge accumulation cum retention characteristics ability of the device. C-V measurements elucidated the optimum charge trapping memory in 600 • C annealed devices. A low leakage current and low interface level traps (Dit) factor are extracted by 600 • C. The sobel filter is implemented using a 3 × 3 crossbar array of NVM devices. Hence, Gd/HfO 2 NPs annealed at 600 • C device with maximum variation in their resistance value having a correlation greater than 0.93 between software decoded image and crossbar image output. So, 600 • C annealed devices have great similarity between desired results and actual output. It maintains more than decades of memory window for more than 100 cycles. Hence, higher oxygen affinities, reduced power of 600 • C annealed Gd-doped HfO 2 NPs based device make it progressive for developing memristor devices.
